ABSTRACT Malignant $49 mouse lymphoma cells that grow in suspension culture demonstrate in their cytoplasm characteristic tubular structures. These structures also appear in immunogenic, substrate-adherent variants of $49 cells that grow in culture. Upon transfer of both cell types into nude mice, the tubular structures of the adherent variants (and not the suspensiongrowing cells) undergo a profound alteration whereby their tubular components disappear and clusters of viruslike particles appear. These very closely resemble, on morphological grounds, precursors of B-type retroviruses. This specific in vivo interaction between the host and the $49 variant can be mimicked in culture by treatment of these cells for 24 h with 500 U/ml of mouse interferon. The suspension-growing $49 cells are unresponsive to interferon in this respect. Immunohistochemical analysis reveals that both tubular structures and the viruslike particles represent stages in the morphogenesis of mouse mammary tumor virus. A working hypothesis is advanced relating the regulation of the tubular system to the impaired tumorigenic potential of adherent $49 cells in syngeneic Balb/c hosts.
Substrate-adhering variants with impaired tumorigenic potential have been recently selected from highly malignant, suspension-growing $49 mouse lymphoma cells (7, 10) . These adherent variants manifested increased immunogenic ability insofar as their inoculation into syngeneic mice protected the hosts against subsequent challenges with suspension-growing malignant $49 cells.
In a previous report, we have shown that $49 cells contain a prominent cytoplasmic marker system that resembles tubuloreticular structures at the electron microscopic level (6) . These tubular structures are characteristic of suspension-growing $49 cells as well as tumors and suspension-growing sublines derived from the tumors. $49 adherent variants grown in culture demonstrate the same tubular system.
In the present paper, we report that in vivo passage of adherent $49 cells in nude mice results in a profound morphological change in the tubular system characterized by the disappearance of the tubular components and their replacement by clusters of viruslike particles. Similar morphological changes can be induced in vitro by incubation of adherent (and not suspension-growing) $49 cells with mouse interferon (IFN) ~, thereby representing a novel feature of IFN activity. Furthermore, immunoelectron microscopy demonstrates that both tubular components and the viruslike particles are mouse mammary tumor virus (MMTV)-related structures.
MATERIALS AND METHODS

Ceils:
Parental $49 cells (maintained in suspension culture) and the substrate-adhering variants derived from them (7) were grown in Dulbecco's modified Eagle medium supplemented with 10% heat-inactivated horse serum, penicillin (50 U/ml), and streptomycin (50 ug]ml). Cells were maintained at 37"C, in a humidified atmosphere containing 5% CO2. Viability was measured using trypan blue exclusion.
Tumors: Cells (1-2 x 107) were inoculated intraperitoneally into congenitally athymic (nude) mice as previously described (8) .
Electron Microscopy: For electron microscopy, cells growing expOnentially (2 x 107) were washed once in phosphate-buffered saline (PBS). The pellet was fixed for 10 rain with a solution of 3% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, and postfixed in 1% osmium tetroxide. Dehydration in graded ethanols was followed by embedding in araldite. Blocks were sectioned Abbreviations used in this paper: IFN, interferon: MMTV, mouse mammary tumor virus.
with glass knives on an LKB III ultramicrotome (LKB Instruments, Gaither~ burg, MD), double stained with uranyl and lead salts, and examined using a Jeol 100 CX or a Philips 300 electron microscope. Tumorous tissue was cut into small pieces, and the same procedure was carried out. Structures were counted directly in the electron microscope at a magnification of 8,000.
Immunoelectron Microscopy: For direct immunocytochemical analysis of the tubular structures, we have used the protein A-gold technique as adapted for osmium-fixed tissues (3) . Briefly, thin sections mounted on nickel grids were pretreated for 60 rain with a saturated aqueous solution of sodium periodate before processing for immunoelectron microscopy. The grids were then washed in PBS and put on a drop of PBS containing 0.5% bovine serum albumin (BSA) for 10 min. This was followed by incubation for 60 min at room temperature on a drop of specific antiserum properly diluted in PBS containing 0.5% BSA. The grids were then washed with PBS and incubated for 60 rain at room temperature with protein A-gold complex prepared as previously described (2) . Colloidal gold (150 A in diameter) was prepared as previously described (4), using 1% sodium citrate. The grids were then washed in PBS, rinsed in distilled water, dried, stained with uranyl acetate and lead citrate, and examined in a Jeol 100 CX or a Philips 300 electron microscope. Rabbit antisera against MMTV and intracysterual A particles were a girl from Dr. G. Smith, National Cancer Institute, Bethesda, MD, and goat antisera against MMTV and Rauscher murine leukemia virus were a gift from the Biological Carcinogenesis Branch, Division of Cancer Cause and Prevention, National Institutes of Health, Bethesda, MD.
Extracellular Virus-associated Reverse Transcriptase:
Growth medium (24 h) was harvested, and cell debris were removed by centrifugation at 5,000 g for 10 rain. The virus was pelleted by centrifugation at 100,000 g for 1 h, and resuspended in TNE buffer (20 mM Tris HC1, pH 7.5, 100 mM NaCI, and 1 mM EDTA). Reverse-transcriptase activity was determined by the incorporation of 3H-dTTP (2,000 cpm/pmol) into acid insoluble material using poly (A) oligo (dT) as template primer (12) . MgCI2 (6 mM) was used as the divalent cation. Enzyme activity is presented per 106 cells counted at harvest time.
IFN:
Mouse IFN was produced in L-cells after infection with Newcastle disease virus, and purified to a specific activity of 5 x 10 7 U/rag protein according to Paucker et al. (13) . IFN at concentrations indicated in the legends was added directly to the growth medium for 24 h.
RESULTS
Suspension-growing S49 cells (11) demonstrate in their cytoplasm tubular structures with a distinct morphology (6) that appear in -20% of the cells in electron microscopic crosssections. These structures are characteristic of $49 cells grown in suspension culture, of tumors derived from these cells (in syngeneic as well as in nude mice), and of suspension-growing sublines derived from these tumors.
Substrate-adhering variants derived from the suspensiongrowing cells (10) demonstrate, when grown in culture, the same tubular structures. These structures ( Fig. 1 A) demonstrate both tubules of various length, which, at times, can reach up to 3 ~m (6), and round particles closely associated with them. These will be defined now as the tubular system. The round particles might merely represent cross-sections of the tubules at different planes. However, on morphological grounds alone it cannot be excluded that the tubular system is composed of two unrelated elements: (a) tubules of various lengths and cross-sections in them visualized as round viruslike particles, and (b) an independent system of round viruslike particles not related biochemically to the tubular structures except for their close spatial association in the cytoplasm. Sometimes tubules can be seen that seem to be composed of subunits ( Fig. 1 E) . Although the substrate-adhering variants are immunogenic and cannot grow as tumors in syngeneic hosts, they give rise to progressive tumors in nude mice. These tumors demonstrate profound morphological changes in the tubular system (Fig. 1, B and C) . The tubular components disappear and are replaced by clusters of round particles. These will be defined now as the viruslike system. This transition occurs in -95% of the systems (Table I) and is found both in the solid as well as the ascitic components of the nude mice tumors derived from adherent cells. It indicates that the state of the tumor cells in vivo (whether in solid mass or free floating) makes no difference in the expression of the viruslike system. It also demonstrates that the round particles that appear in these tumors are not cross-sections of tubular structures aligned in parallel, but rather separate entities.
The adherent $49 sublines ZNI, DC1, T25 adh, and T40 adh (7, 9) have been independently selected from different suspension-growing $49 clones, and have all demonstrated an identical transition from the tubular to the viruslike system when inoculated into nude mice. Thus, in culture, 85-95% of the systems observed are tubular, while only 5-15% are viruslike. In vivo, however, between 95 and 100% of the systems in all the sublines examined have the viruslike nature. When various suspension-growing sublines ACT4, T8, T25, and T40 (7, 9) that were independently derived from different $49 clones were inoculated into nude or syngeneic Balb/c mice, no such transition occurred. In all these tumors, a preponderance of tubular systems (97-100%) was observed. These findings demonstrate the generality of our observations in all $49 sublines.
When tumors derived from adherent cells were transferred back to in vitro culture, we observed a reversion from the viruslike system to the pretumor tubular state within 15-20 d (Fig. 2) . Reinoculation of these cells into nude mice again resulted in the disappearance of the tubular system and the appearance of the viruslike system. These findings indicate that the significant changes manifested upon alternating the adherent cells between the in vitro and in vivo states are not due to a specific cell selection, but rather to a change conferred upon the whole cell population. Moreover, these findings demonstrate that the changes taking place in the tubular system are the consequence of a specific in vivo cell-host interaction linked to the substrate-adhering ability of these variant cells. A support for this suggestion comes from a preliminary study in which suspension-growing revertants selected from the adherent cells and inoculated into nude mice demonstrated tubular systems characteristic of suspension-growing $49 cells (Hochman, J., and N. Mador, manuscript in preparation).
Effect of IFN
IFN is known to suppress assembly and budding of various retroviruses (5) . Since the round viruslike particles very closely resemble cytoplasmic A particles, known to be intracellular precursors of B-type retroviruses (15), we examined the effect oflFN on the distribution of the tubular and viruslike systems in cultured adherent $49 cells (Table I) . Whereas the majority The data represented are the mean _+ S.D. of 2-10 different experiments (n), In the cell lines examined, 20-30% of cell sections demonstrated either one of the systems, That is referred to as 100% in this table~ * Subline T25 (7). Subtine T25 adh (7). i 500 U/ml per 24 h.
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"6 ~ g 50~ Oay,~ in Culture of systems (-90%) seen in the adherent cells grown in culture are of the tubular type, >70% of the structures observed after a 24-h treatment with 500 U/ml of IFN were composed of round viruslike particles. This effect appears to be specific for the mouse IFN, since treatment with heat-inactivated mouse IFN or heterologous human IFN-a had no effect on the ratio of the tubular to viruslike system (not shown). Such IFN treatment inhibited retrovirus production in suspension growing and adherent cells, as indicated by the suppression of the reverse transcriptase activity released into the growth medium (Table II) .
To investigate the possibility that the effect on the distribution of the two systems in adherent cells is induced by the antiproliferative activity of IFN, we inhibited cell growth by an alternative procedure, namely, serum depletion for 24 h (Table I) . Since the latter procedure for growth arrest had no effect on the ratio of tubular and viruslike systems, IFN appeared to act through a different mechanism.
Electron micrographs of suspension-growing $49 cells, in tumors as well as in culture, reveal predominantly structures with tubular components similar to the adherent variants in culture (Fig. I) . In contrast to the adherent cells, however, treatment of suspension-growing cells with IFN has no significant effect on their tubular systems (Table I) . Therefore, the eflbct of IFN on substrate-adherent variants in vitro mimics in this respect the interaction of these cells with their host in vivo. The percentage of cultured cells demonstrating tubular structures is somewhat decreased by IFN in both suspension growing and adherent $49 cells.
Immunocytochemial Analysis of Tubular Structures
To explore the molecular identity of the tubular as well as the viruslike systems, we applied the protein A-gold immu- * Subline T25 (7). * Subline T25 adh (7). 500 U/ml per 24 h.
nocytochemical technique (see Materials and Methods) using specific antisera against MMTV, murine leukemia virus, and intracysternal A particles. Fig. 3 demonstrates that antibodies to MMTV recognize the tubular structures (Fig. 3A) . These antibodies recognize both the tubular components and the round viruslike (cytoplasmic A) particles in adherent (Fig.  3A) as well as in suspension-growing cells (not shown). Furthermore, these antibodies aJso clearly recognize the round viruslike particles in a tumor of adherent cells in a nude mouse (Fig. 3 B) as well as in adherent ceils treated with IFN (not shown). Antibodies to murine leukemia virus (Fig. 3 C) and antibodies to intracysternal A particles (not shown) cannot recognize these structures in both adherent and suspension-growing cells. These findings demonstrate that the two components (tubules and round particles) share a close structural similarity with MMTV and might therefore represent different cytoplasmic stages in the morphogenesis of this type-B retrovirus.
DISCUSSION
In this paper, we demonstrated that the tubular systems present in substrate-adherent variants derived from $49 lymphoma cells undergo a characteristic change upon passage in vivo (nude mice) or IFN treatment in vitro (culture). The loss of the tubular components occurs concomitantly with the appearance of compact clusters of round particles. These resemble cytoplasmic A particles known to be the cytoplasmic precursors of the type B retrovirus MMTV. Indeed, both components were found to share antigenic similarity with MMTV as shown by immunoelectron microscopy. It is therefore suggested that they represent two distinct stages in the morphogenesis of MMTV. In addition, the findings that the tubular components appear, at times, to demonstrate a sub- unit structure (Fig. 1E ), might suggest a precursor-product relationship between the two viral components. Tubular intermediates in the morphogenesis of MMTV have not been reported before. However, it is noteworthy that in an earlier report (1) , it was demonstrated that cytoplasmic A particles in a murine ependymoblastoma were closely associated, albeit infrequently, with tubular structures very similar to those in our model system. This supports our assumption that the tubular components are precursors in the normal morphogenesis of MMTV. The above-mentioned morphological changes are the result of in vivo tumor-host interaction specific to the adherent cells only, and do not take place in tumors (either in nude or syngeneic mice) derived from suspension-growing $49 cells.
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The findings that incubation of adherent ceils with IF'N in vitro can very closely mimic this tumor-host interaction, and that parental suspension-growing $49 ceils are unaffected in this manner, offer a new aspect of IFN's mode of action. The effect of IFN on the morphogenesis of MMTV in adherent cells is independent from its inhibitory effect on the budding and release of mature viruses to the extracellular medium. That is because in both suspension growing and adherent cells, IFN significantly decreases reverse transcriptase activity (Table II) .
Human IFN was recently found to induce "lupus inclusions" in cells of several human B and T lymphoblastoid cell lines (14). These inclusions are microtubular structures, somewhat resembling our model system, that are found in the glomerutar endothelium and the peripheral blood lymphocytes of patients with systemic lupus erythematosus. Their nature and function are unknown, and they were referred to as "viruslike" (14). Taken together with our findings, it is tempting to speculate that these also represent events in the morphogenesis of endogenous viruses affected by IFN.
On the basis of the present data and our previous findings (7, 10) that adherent $49 cells demonstrate increased immunizing ability when compared with their parental suspensiongrowing cells, we propose the following working hypothesis. Upon inoculation of adherent $49 cells into nude (or syngeneic mice), a specific response to host factors occurs. These factors, of which [FN might be a representative, induce a chain of events whereby relatively stable intermediates (visualized as tubular structures) of endogenous MMTV are largely converted, within 24 h, into cytoplasmic A particles. This conversion results in a subsequent increase (or change of distribution) of MMTV-related antigens on the cell surface, with no budding or release of active viruses thereafter. These morphogenetic events render the adherent cells more immunogenic in the syngeneic host that ultimately rejects them. In the nude mice, a similar chain of events takes place but without immune rejection. Therefore, the profound changes in the tubular structures can be easily studied in these mice. Of particular interest in this respect are preliminary findings (Hochman, J., and N. Mador, manuscript in preparation) revealing that adherent cells rescued from syngeneic mice 3 d postinoculation demonstrate a shift from tubular slruclures to cytoplasmic A particles, When suspension-growing $49 cells are inoculated into both nude and syngeneic mice, their interaction with host factors does not result in altered MMTV morphogenesis, thereby allowing their progressive uninterrupted growth in nude as well as in syngeneic hosts.
In addition, our studies suggest that the various $49 sublines be used as a model system for the study of the morphogenesis of MMTV as well as the effect oflFN on this virus maturation.
